The Xenopus 5S RNA gene-specific transcription factor IIIA (TFIIIA) has nine consecutive Cys2His2 zinc finger motifs. Studies were conducted in vivo to determine the contribution of each of the nine zinc fingers to the activity of TFIIIA in living cells. Nine separate TFIIIA mutants were expressed in Xenopus embryos following microinjection of their respective in vitro-derived mRNAs. Each mutant contained a single histidine-to-asparagine substitution in the third zinc ligand position of an individual zinc finger. These mutations result in structural disruption of the mutated finger with little or no effect on the other fingers. The activity of mutant proteins in vivo was assessed by measuring transcriptional activation of the endogenous 5S RNA genes. Mutants containing a substitution in zinc finger 1, 2, or 3 activate 5S RNA genes at a level which is reduced relative to that in embryos injected with the message for wild-type TFIIIA. Proteins with a histidine-to-asparagine substitution in zinc finger 5 or 7 activate 5S RNA genes at a level that is roughly equivalent to that of the wild-type protein. Zinc fingers 8 and 9 appear to be critical for the normal function of TFIIIA, since mutations in these fingers result in little or no activation of the endogenous 5S RNA genes.
The frog Xenopus laevis has two types of 5S RNA genes, the somatic type and the oocyte type (for a review, see reference 35) . Expression of somatic-type 5S RNA genes is constitutive, while the highly abundant oocyte-type 5S RNA genes are expressed in oocytes and at very low levels during the blastula and gastrula stages of embryogenesis (33, 36) . Transcriptional activation of both sets of genes requires the 5S RNA gene-specific transcription factor IIIA (TFIIIA). TFIIIA binds to the internal control region (ICR) of the 5S RNA gene and, in combination with transcription factors IIIB and IIIC (29) , is an essential component of the 5S RNA gene transcription complex. TFIIIA also has the unique property of binding to the 5S RNA gene product, 5S RNA, thereby forming a 7S ribonucleoprotein particle that exists in vivo and that can be formed in vitro (22, 24) .
TFIIIA was the first eukaryotic transcription factor to be isolated (13) and cloned (14) ; it was also the first nucleic acid-binding protein shown to contain zinc-chelating regions known as zinc fingers (7, 18) . Since their discovery, zinc fingers have been the subject of intense study and have been identified in a large number of eukaryotic DNA-binding proteins (for a review, see reference 4) . The conserved amino acid residues at seven positions, including two cysteine and two histidine (Cys2His2) residues which serve as the zinc ligands (3) . The energetic contributions of individual zinc fingers to DNA binding and the sites of finger interaction with the 50-bp ICR have recently been elucidated in vitro with a set of TFIIIA "broken-finger" mutants (9) . Each of the nine mutants contains a single histidine-toasparagine substitution at the third zinc ligand position. These mutations result in a structural disruption of the mutated fingers, presumably because of their inability to coordinate Zn2+.
We have injected Xenopus embryos with mRNAs encoding each of the nine zinc finger mutants of TFIIIA and assayed their ability to activate the endogenous 5S RNA genes in vivo. Andrews and Brown (1) used this approach as a means of increasing the level of wild-type TFIIIA in embryos, thereby leading to ectopic activation of the oocytetype 5S RNA genes. In the present study, Xenopus embryos were used as a homologous system in which to assess the structural and functional relationships between the nine different zinc fingers of TFIIIA in a physiological setting. Assays for transcription factor function were performed immediately after embryonic transcription begins (mid-blastula [19, 20] ), when class III gene expression is near maximal (mid-gastrula [2] ), and after class III gene activity is downregulated at the gastrula-neurula transition (early neurula ROLE OF TFIIIA ZINC FINGERS IN VIVO 4777 
MATERIALS AND METHODS
Plasmid constructions and transcription with SP6 RNA polymerase. The original TFIIIA mutant cDNA clones were constructed as described by Del Rio et al. (9) . The wild-type TFIIIA construct pSPTF15 is described by Andrews and Brown (1) . The insert for the finger 8 mutant contained the TFIIIA 5' untranslated sequence and was subcloned as an EcoRI fragment into pSP65; the rest of the mutant zinc finger inserts were subcloned as NdeI-BamHI fragments into pTFlink. pTFlink was constructed by ligating a synthetic (47-bp) double-stranded DNA linker into pGEM2 (Promega) as an EcoRI-SacI fragment. The sequence of the linker contains the wild-type TFIIIA 5' untranslated sequence (14) with one base change necessary to create the internal NdeI site.
All plasmids were linearized with BamHI and transcribed in vitro with SP6 RNA polymerase. Transcriptions were performed by the method of Krieg and Melton (16) with the addition of 0.5 mM m7G(5')ppp(5')Gm in order to synthesize a 5'-terminal capped mRNA. After digestion of the DNA template with RNase-free DNase I (Boehringer-Mannheim), the mRNA was extracted with phenol-chloroform (1:1), purified by Sephadex G-100 chromatography, quantified by absorption spectrophotometry, and precipitated with isopropanol.
Microinjection of embryos, nucleic acid extraction, and analysis. Xenopus eggs were fertilized in vitro, dejellied with 2% cysteine (pH 8.0), rinsed thoroughly in 0.1 x OR-2 medium (34), and maintained in 0.1x OR-2 at 18°C. Synthetic TFIIIA mRNAs were precipitated, rinsed with 70% ethanol, dried, and resuspended in sterile distilled H20 at a concentration of 0. 25 (26) and analyzed by autoradiography. Levels of SS RNA transcription were quantified by locating the 5S RNA and tRNAref bands and excising them from the gel. The gel pieces were counted in a Beckman LS 6000IC scintillation counter. After subtraction of background, 5S RNA/tRNAref ratios were computed. Bar graphs and statistical analysis were generated by using Kaleidagraph (Abelbeck Software). With the data summarized in Fig. 3 RNA-RNA solution hybridization assay. The proportion of somatic-and oocyte-type SS RNA gene products was determined by modification of an existing RNA-RNA solution hybridization protocol (15) . Chromatin transcriptions were performed as previously described and coprecipitated with 1 p,g of an antisense somatic-type 5S RNA derived from pSP64-Xlsll (15 N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.7), 0.4 M NaCl, and 1 mM EDTA; denatured at 85°C for 10 min; and incubated overnight at 45°C. The hybridization was terminated with 100 ,u of SETS containing 120 ,g of tRNA per ml; precipitated with ethanol; resuspended in 50 pl of a solution of 0.3 M NaCl, 10 mM Tris-Cl (pH 7.5), and 5 mM EDTA; and digested with 0.2 mg of RNase A (Sigma, type X-A) per ml. Digestion was terminated by the addition of SETS containing 120 pg of tRNA per ml and subsequent phenol-chloroform (1:1) extraction and ethanol precipitation. The labeled digestion products were separated on a 10% polyacrylamide-7 M urea gel (26) and analyzed by autoradiography.
In vitro transcription in the presence of 5S RNA. Total RNA was isolated from ovaries of adult X. laevis females. From this RNA population, 5S RNA and a heterogenous collection of tRNAs were separately purified on nondenaturing polyacrylamide gels. 
RESULTS
Activation of endogenous 5S RNA genes by TFIA zinc finger mutants. Nine separate mutants containing single histidine-to-asparagine substitutions in each of the nine zinc fingers of TFIIIA were generated by site-directed mutagenesis (9) . Each mutant cDNA was subcloned (Fig. 1A) so that the resulting constructs contained the SP6 RNA polymerase promoter and the 5' untranslated sequence of wild-type TFIIIA (14) . In Figure 2 shows the accumulation of labeled RNAs in embryos that were collected at the mid-gastrula stage. Radiolabeled RNAs shown within each panel were prepared from the same group of sibling embryos. The level of embryonic 5S RNA synthesis stimulated by each of the nine zinc finger mutants can be seen in lanes designated 1 through 9, respectively. Lanes designated W show the amount of endogenous 5S RNA synthesis seen in embryos injected with the mRNA for wild-type TFIIIA (1), and lanes designated U contain labeled RNA from embryos injected with [ax-32P]UTP alone. TFIIIA mutants containing a histidine-toasparagine substitution in any one of the first three zinc fingers (lanes 1 to 3) activate 5S RNA transcription at a level that is lower than that observed with wild-type TFIIIA. However, mutants containing a substitution in zinc finger 4, 5, or 6 activate the endogenous 5S RNA genes at a level equal to or greater than that exhibited by the wild-type TFIIIA protein. A striking feature of these experiments is the high level of activation in embryos containing the finger 6 mutant and, to a lesser extent, the finger 4 mutant. On average, the activity of the protein containing a mutation in finger 7 is roughly equal to that of wild-type TFIIIA. Proteins with a mutation in finger 8 or 9 (fingers which are known to interact with the 5' end of the ICR) support little or no activation of the endogenous 5S RNA genes.
To normalize the relative level of 5S RNA gene activity in different injected embryos, we have compared labeled 5S RNA bands with the amount of radioactivity in a tRNA band (tRNAref). The ratio of 5S RNA to tRNArCf is computed within each gel lane to correct for uneven sample loading or for any differences in the extraction of RNA from embryo to embryo. This procedure allows a direct comparison of the activation phenotype for all nine TFIIIA mutants, since the level of endogenous tRNA expression in embryos is not changed by an increase in 5S RNA gene activity.
The mean 5S RNA-to-tRNAref ratios from embryos collected at the blastula and gastrula stages are shown in the histograms of Fig. 3 . Normalized 5S RNA expression at the gastrula stage is lower than at the blastula stage because of elevated tRNA synthesis in the period from late blastula through mid-gastrulation. However, the relative level of 5S RNA synthesis supported by each mutant at blastula or gastrula stage is very similar. At both stages, proteins with a mutation in finger 4, 5, 6, or 7 activate the chromosomal 5S RNA genes at levels that are roughly equal to or greater than that exhibited by wild-type TFIIIA. Embryos containing the finger 6 mutant show the highest level of 5S RNA transcription, displaying a clearly significant (P < 0.005 for blastula and P < 0.001 for gastrula) increase in activity relative to that of wild-type TFIIIA. Zinc fingers positioned near the amino terminus of the protein (fingers 1 to 3) may be important for transcription factor function in vivo, since mutations in these fingers result in a reduced level of activation of the endogenous 5S RNA genes. Zinc fingers 8 and 9, located at the C terminus of the DNA-binding domain, are critical for TFIIIA function, since their disruption by mutation results in failure to activate 5S RNA transcription (P < 0.001 for pairwise comparison to wild-type TFIIIA analyzed at gastrula stage).
Levels of mutant TFIIIA in embryonic nuclei. We measured the amount of mutant protein in injected embryos by quantitative Western blot (immunoblot) analysis to confirm an increase in the intracellular concentration of mutant protein and to investigate the possibility that the high levels of 5S RNA synthesis seen with some of the mutants simply correlated with the presence of more mutant TFIIIA per 5S RNA gene. Total protein from 500,000 nuclei was separated by SDS-PAGE, transferred to nitrocellulose, and probed with anti-TFIIIA antibodies; the results were then quantified by densitometry. Figure 4 shows a Western blot of nuclear VOL. 13 protein prepared from groups of embryos collected at the mid-gastrula stage. We consistently found that nuclear levels of TFIIIA were higher in injected embryos than in the noninjected controls and that concentrations of TFIIIA mutants that activated the 55 RNA genes were no higher than those of mutants supporting little or no activation. For example, in Fig. 4 , a finger 9 mutant is found at a higher concentration than observed for wild-type TFIIIA in similarly injected sibling embryos. However genes is not due to differences in the relative concentrations of mutant forms of TFIIIA.
Variation in the number and/or activity of transcription complexes accounts for differences in 5S RNA gene activity.
Embryonic chromatin was examined for the presence of transcription complexes to determine whether measurements of 5S RNA gene product (shown in Fig. 2 and 3) reflected the active programming of 5S RNA genes by TFIIIA mutants. Native chromatin was prepared from injected embryos and transcribed by purified RNA polymerase III in vitro. Purified RNA polymerase III recognizes and transcribes only those genes that have been previously programmed into active transcription complexes (28) . This assay is a direct measurement of endogenous gene activity and thus avoids potential problems resulting from differential posttranscriptional processing and/or RNA stability in vivo.
The autoradiograph in Fig. 5 shows the result of transcribing chromatin prepared from embryos collected at the gastrula and neurula stages. Each lane shows the transcription products from embryos injected with mRNAs encoding either mutant or wild-type TFIIIA. Lane C contains the products from chromatin templates prepared from noninjected control embryos. In general, we found that the results of this assay were consistent with those obtained by in vivo labeling of newly synthesized RNA (Fig. 2 and 3) . At the mid-gastrula stage (stage 11), zinc finger mutants 4 through 7 stimulated endogenous 5S RNA gene activity at a level that was either equal to or greater than the level of gene activity seen with wild-type TFIIIA (lane W). As predicted from the results with in vivo labeling, the highest level of gene activity was obtained with the finger 6 mutant. Since each gel lane contains the transcription products obtained from the same amount of DNA template, we conclude that high levels of 5S RNA gene expression result from an increase in the number and/or activity of active transcription complexes on the 5S RNA genes.
As embryonic development continues toward the gastrulaneurula transition (GNT), there is an overall down-regulation of class III gene activity (2) . This general repression occurs even when 5S RNA genes have been artificially activated with high levels of wild-type TFIIIA (1 zinc finger mutants exhibiting increased transcriptional activity. At gastrulation, zinc finger mutants 4 and 6 program the highest RNA gene activity. However, the level of 5S RNA gene activity seen after the GNT (Fig. 5, stage 15 neurula) is no greater than that seen with wild-type TFIIIA or the finger 7 mutant. We conclude that down-regulation at the GNT cannot be overcome by TFIIIA mutants that initially lead to higher gene activity in vivo.
Up mutants activate a higher number of oocyte-type 5S RNA genes. Previous studies involving artificial increases in the embryonic level of wild-type TFIIIA have shown that elevated levels of TFIIIA lead to the transcriptional activation of normally inactive oocyte-type 5S RNA genes (1, 6) . These genes compose approximately 98% of the total endogenous 5S RNA genes (23) and are a likely target of zinc finger mutants that stimulate 5S RNA gene activity. The type of 5S RNA gene activated by the TFIIIA zinc finger mutants was determined by an RNA-RNA solution hybridization assay that distinguishes between somatic-type and oocytetype 5S RNAs (15) . Labeled chromatin transcription products were annealed to a synthetic transcript complementary to somatic-type 5S RNA and then treated with RNase A. At the appropriate concentration, RNase A completely digests nonduplex RNAs and therefore yields a protected somatictype 5S RNA band and a series of smaller oocyte-type 5S FIG. 6 . Analysis of somatic versus oocyte 5S RNA at midgastrulation. Chromatin was isolated from injected and control embryos at the mid-gastrula stage (stage 11). Radiolabeled in vitro transcription products from chromatin templates were hybridized in solution to a synthetic transcript complementary to somatic-type 5S RNA and then digested with RNase A (15) . An autoradiograph of digestion products separated on a 10% polyacrylamide-7 M urea gel is shown. The same analysis of labeled transcription products from cloned somatic-type (Xls11 [23] ) and oocyte-type (Xlt400 [23] ) 5S RNA genes is shown in lanes labeled S and 0, respectively. Numbered lanes (1 to 9) indicate the chromatin template that was isolated from embryos injected with the respective TFIIIA zinc finger mutant mRNAs. Lane C, chromatin from uninjected control embryos; lane W, chromatin from embryos injected with wild-type TFIIIA message. The positions of somatic and oocyte 5S RNA fragments are indicated.
RNA fragments. An analysis of the in vitro transcription products from chromatin templates prepared from injected embryos at the mid-gastrula stage is shown in Fig. 6 .
Mutant forms of TFIIIA in developing embryos activate somatic-and oocyte-type 5S RNA genes to various degrees. TFIIIA variants with a mutation in zinc finger 1, 2, or 3 showed some activation of somatic-type 5S RNA genes and, depending on the sibling group, showed slight stimulation of the oocyte-type genes above the uninjected control level (lane C). Proteins with a mutation in finger 4, 5, or 6 activated somatic-type genes but also led to significant activation of the oocyte-type 5S RNA genes. This was especially evident with the finger 6 mutant, in which the vast majority of radiolabeled gene product was oocyte-type 5S RNA. The finger 7 mutant stimulated oocyte-type 5S RNA gene activity and, depending on the sibling group, supported some activation of somatic-type genes. In embryos containing TFIIIA molecules with mutations in finger 8 or 9, the activities of both somatic-and oocyte-type 5S RNA genes were only slightly elevated above that of control embryos.
Increased transcriptional activity of H183N may result from reduced feedback inhibition of transcription by 5S RNA. In microinjected embryos, the elevated transcriptional activity of the finger 6 mutant (H183N) relative to that of wild-type TFIIIA was unexpected since a previous in vitro transcription assay using a cloned somatic-type 5S RNA gene as a template (11) indicated that H183N was equivalent to wildtype TFIIIA. Furthermore, the mutation in H183N has been shown to result in structural disruption of the sixth zinc finger of TFIIIA (9), and it was difficult to imagine how such a structural disruption could actually increase the activity of the protein. We 
DISCUSSION
In this study we assessed the transcriptional activity of TFIIIA zinc finger mutants in developing Xenopus embryos. Within each mutant, a single histidine-to-asparagine substitution at the first of the two conserved histidine residues of the zinc finger motif structurally disrupted the mutated finger (9) . The aim of this in vivo study was to determine the role of each of the nine zinc fingers in the transcriptional activation of the endogenous 5S RNA genes during embryogenesis. TFIIIA mutants were introduced into developing Xenopus embryos by microinjection of their respective mRNAs as described by Andrews and Brown (1) . As an in vivo system, the Xenopus embryo is particularly informative, since both classes of TFIIIA-activated 5S RNA genes (somatic type and oocyte type) are differentially regulated, and transcription complex assembly and stability can be studied during periods of DNA replication and cell division.
A comparison of the transcriptional activation profiles of wild-type TFIIIA with the nine mutants indicated some striking differences (Fig. 3) . Analysis of variance with the data sets summarized in Fig. 3 shows that the degree of transcriptional activation mediated by several mutants is significantly (P < 0.05) different from that obtained with wild-type TFIIIA. The finger 8 (H241N) and finger 9 (H272N) mutants show significantly less activation than obtained with wild-type TFIIIA; activation by the finger 6 (H183N) mutant is significantly greater than with wild-type TFIIIA. In addition, the finger 3 (H93N) mutant supports 5S RNA gene activation at a significantly lower level than obtained with wild-type TFIIIA when assayed at the gastrula stage, and the transcriptional activity of the finger 4 (H125N) mutant is significantly greater than that of wild-type TFIIIA when assayed in blastulae. We have shown that these differences are due to the programming of the endogenous 5S RNA genes into active transcription complexes and, in the case of H183N, that the up phenotype is the result of an increase in the number and/or activity of transcription complexes formed on the oocyte-type 5S RNA genes. The inability of the finger 8 and finger 9 mutants to activate the endogenous 5S RNA genes argues for the importance of these zinc fingers in transcriptional activation, perhaps by their interaction with other components of the transcriptional machinery. This same low level of 5S RNA gene activity was also seen in vitro when bacterially produced finger 8 and finger 9 mutants were added to a TFIIIAdependent transcription reaction mixture (11) . In fact, with the exception of H183N, the in vivo results reported here are in reasonably good agreement with the in vitro data. The finger 7 (H210N) mutant, however, exhibited a somewhat reduced activity in vitro that is not apparent from the in vivo data, and the potentially significant differences in activity observed in vivo for the finger 3 and finger 4 mutants relative to that obtained with wild-type TFIIIA were not observed in vitro.
The fact that the mutant containing a structural disruption in finger 6 activated 5S RNA genes in vivo to a higher level than did wild-type TFIIIA was surprising, since in vitro transcription of a cloned somatic-type 5S RNA gene with the finger 6 mutant is equivalent to that seen with wild-type TFIIIA (11) . It was difficult to understand how a mutation that resulted in structural disruption of a zinc finger could directly increase transcriptional activity of the protein. In fact, on the basis of the results of partial proteolysis and hydrophobic interaction chromatography, H183N exhibited the clearest disruption of any of the nine mutants analyzed (9) . The combination of this altered structure with a wild-type level of transcriptional activity in vitro suggested that the enhanced activity of H183N in embryos could be the result of a weakened interaction of the finger 6 mutant with a negative regulatory molecule, thus making more of the mutant protein available for transcription complex formation. Data presented in Fig. 7 show that the heightened activity of H183N in vivo could be due to its increased resistance to competitive inhibition by 5S RNA. This result also suggests that structural integrity of the sixth finger is critical for RNA binding but not for activation of the 5S RNA genes. It is possible that other, more minor, discrepancies between the in vivo and in vitro data result from 5S RNA-mediated effects.
The idea that sequestration of TFIIIA by 5S RNA can have a negative influence on 5S RNA transcription was first proposed by Pelham and Brown (22) . Feedback inhibition by this mechanism was proposed as a potential means of regulating the accumulation of 5S RNA in somatic cells. Our results with the finger 6 mutant argue that feedback inhibition of 5S RNA synthesis may indeed be operative and that high levels of activation seen with H183N are simply due to its increased availability for transcription complex formation in vivo.
